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SUMMARY 
Secondary culture of nontransformed bile duct epithelium has been difficult to achieve. STO feeder cell-dependent 
secondary cultures of adult pig bile duct cells were established from primary cultures of adult pig liver cells. Adult pig 
hepatocytes exhibited limited or no replication and were lost from the secondary culture at Passage 3 or 4. In contrast, 
adult pig bile duct cells replicated and were carried for 4-8 passages in secondary culture. A simple method to produce 
nearly pure pig intrahepatic bile duct cultures was first to freeze a relatively crude liver cell preparation. Upon subsequent 
thawing, all hepatocytes and most macrophages were lysed. Bile duct cells composed 95% of the surviving cells after the 
freeze/thaw, and they grew out rapidly. The bile duct cells grew on top of the STO feeder cells as closely knit epithelial, 
colonial outgrowths. Histocytochemical and biochemical analyses demonstrated high levels of gamma-glutamyltranspepti- 
dase activity and low levels of P450 activity in the bile duct cultures. The bile duct cells spontaneously adopted a 
multicellular ductal morphology after 7-10 d in static culture which was similar to that found in in vivo pig liver. Trans- 
mission electron microscopic examination revealed complex junctions and desmosomes typical of epithelium, and lumenally 
projecting cilia typical of in vivo intrahepatic bile ductules. This simple method for the coculture of pig intrahepatic bile 
duct cells which adopt in vivo-like structure may facilitate biological studies of this important, but difficult to culture, cell 
type. 
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INTRODUCTION 
The isolation and continuous culture of normal adult intrahepatic 
bile duct cells has been difficult to achieve. In vitro models that 
closely mimic in vivo liver intraheptic bile ductules are needed for 
studies of bile duct epithelium (BDE) cell differentiation and func- 
tion (reviewed in Sirica, 1992; Van Eyken and Desmet, 1993). 
Several methods have been reported for the isolation and primary 
culture of bile duct epithelial cells or intact ductules (Van Eyken 
and Desmet, 1993; reviewed in Alpini et al., 1994). Isolation and 
purification of intrahepatic bile duct cells is technically challenging 
because they comprise less than 5% of the liver cell population (Yo- 
koyama et al., 1953; Daoust and Cantero, 1959; Ishii et al., 1989). 
The bulk of the liver is made up of hepatocytes (60%) and various 
mesenchymal cells (35%) such as macrophages, endothelial cells, 
and fibroblasts (Yokoyama et al., 1953; Daoust and Cantero, 1959). 
Some of these cells can range to a size and density similar to that of 
BDE cells (Ishii et al., 1989). Isolation of BDE cells generally in- 
cluded an enzymatic and calcium chelator perfusion of the liver fol- 
lowed by physical disruption as used in the current methods of 
hepatocyte isolation. Multistep centrifugational and immunoaffinity 
methods for the enrichment of bile ductules or individual cells were 
then applied (Grant and Billing, 1977; Sirica and Cihla, 1984; Ishii 
et al., 1989; Joplin et al., 1989; Yang et al., 1993; Okamoto et al., 
1995). The resulting primary cultures were sometimes highly en- 
riched for BDE, and exhibited BDE-specific functions for wk or mo. 
depending on the growth factor and matrix supports used (Sirica et 
al., 1985; Demetris et al., 1988; Joplin et al., 1989; Mathis and 
Sirica, 1990). 
The secondary culture or development of cell lines of BDE are 
recent accomplishments. Viral oncogene-immortalized BDE cell 
lines of the human were reported (Grubman et al., 1994; Perrone et 
al., 1995). Joplin et al. (1992) demonstrated the serial propagation 
of normal human BDE in response to hepatocyte growth factor (HGF). 
Most recently, a continuous culture of normal rat BDE was estab- 
lished with collagen matrix that maintained BDE characteristics over 
70 passages and 22 mo. in culture (Vroman and LaRusso, 1996). 
The cells formed polarized monolayers on collagen-coated transwell 
inserts with demonstrated transepithelial resistance and distinct ba- 
solateral vs. apical physiological responsiveness (Vroman and La- 
Russo, 1996). 
We have previously demonstrated that STO feeder cells will sup- 
port the differentiation and growth of pig epiblast-derived, liver stem 
cell-like cells (Talbot et al., 1994a, 1996). We have also shown that 
STO feeder cells will support the growth of pig fetal liver cells that 
differentiated into hepatocytes and ductal structures (Talbot et al., 
1994b). We now show that adult pig intrahepatic bile duct cells can 'To whom correspondence should be addressed. 
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FIG. 1. Phase-contrast microscopy of primary and secondary cultures of adult pig hepatocytes on STO feeder cells. A, Attachment of 
primary hepatocyte/BDE monolayer at 3 d postplating. Bar = 90 pm. B, Primary hepatocyte/BDE monolayer at 3 wk postplating; note 
colonial outgrowth of bile duct epithelial cells (large arrowheads) and macrophages (small arrowheads). Hydrocortisone (3.6 tg/ml) was 
added to the medium in an attempt to suppress the macrophage outgrowth. Bar = 90 pm. C, Primary hepatocyte/BDE monolayer 
degenerating under macrophage overgrowth; note numerous macrophages, round or flat morphology (arrows), and the loss of healthy 
hepatocyte morphology. Bar = 44 pm. D, Same field as in C, but stained with DiI-Ac-LDL to fluorescently mark the macrophages (red 
fluorescence). Bar = 47 pm. 
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FIG. 2. Phase-contrast microscopy of secondary cultures of adult pig BDE cells derived from freeze-thaw purification protocol at 
Passage 1. A, Low power photomicrograph of 1 wk postpassage outgrowth; note piles of proliferating BDE cells (arrows). B, Low power 
photomicrograph of BDE outgrowth at 2-3 wk postpassage; note fully differentiated ductal monolayers (arrows) and the adjacent undif- 
ferentiated portion (arrowheads). For A and B, Bar = 98 pm. C, High power photomicrograph of fully differentiated BDE cells forming 
multicellular ductal structures at 2-3 wk postpassage; note compact columnar BDE cell morphology. D, High power photomicrograph of 
undifferentiated BDE cell monolayer passaged one time off of STO feeder cells (1:2 split ratio); note some STO feeder cells that survived 
and reattached after passage (arrowheads) and metaphase plates of two dividing BDE cells (arrows). For C and D, Bar = 50 pm. 
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FIG. 3. Phase-contrast microscopy of the same area of a BDE cell culture (Passage 1) over a 2 1/2-wk period. A, BDE culture 24 h 
after passage by trypsin-EDTA treatment; note that the individual BDE cells were not easily discernible against the STO feeder cell 
monolayer. B, BDE cell growth at 72 h postpassage indicated by arrows. C, BDE cell growth at 7 d postpassage indicated by arrows. D, 
BDE cell growth at 9 d postpassage indicated by arrows; note the movement of individual groups of BDE cells in relation to STO feeder 
cells. E, BDE cell growth at 15 d postpassage indicated by arrows; note the BDE cells have begun to polarize and form ductal structures. 
F, BDE cell growth and differentiation at 19 d postpassage; note differentiated ductal structures. Bar = 100 tm. 
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FIG. 4. Cell count growth assay of BDE cells. BDE cultures were initiated 
from frozen/thawed adult pig liver cell preparations. Endothelium-like cells 
were physically removed at primary culture (see "Results"). Surviving he- 
patocytes and macrophage in the primary culture were estimated to represent 
less than 1% of the cells in the primary culture, and these cells were lost 
over passage (1:2 split ratio) by lysis or senescence, respectively. Each data 
point represents the mean of eight hemocytometer square (1 mm2) cell counts. 
Total number of BDE cells was obtained by subtracting the number of STO 
feeder cells counted in control flasks without BDE cells from the total of cells 
in BDE flasks. 
be selectively propagated on STO feeder cells, and that they spon- 
taneously mature to a polarized state with ultrastructural/enzymatic 
features typical of in vivo liver BDE. A simple isolation and culture 
method for pig BDE is also described. 
MATERIALS AND METHODS 
Cell culture. All cells were grown on tissue culture plasticware (Nunc, 
Roskilde, Denmark; and Falcon, Becton/Dickinson, Lincoln Park, NJ). 
Cryovials (2 ml) were purchased from Nunc. Fetal bovine serum (FBS) was 
obtained from GIBCO, Gaithersburg, MD or from HyClone Laboratories, Lo- 
gan, UT. Cell culture reagents including Dulbecco's phosphate-buffered sa- 
line'(PBS) without Ca ++ and Mg ++, media, trypsin-EDTA (0.025% trypsin, 
0.43 mM EDTA), antibiotics, nonessential amino acids, and L-glutamine were 
from GIBCO. STO feeder cells (CRL 1503, American Type Culture Collec- 
tion, Rockville, MD) were prepared as described by Robertson (1987). 
Adult pig hepatocyte preparations were obtained by collagenase perfusion 
and differential centrifugation essentially as previously described (Caperna 
et al., 1985) except only 80-100 g of the left lateral lobe was used. Mixed 
primary cultures of pig hepatocytes and bile duct epithelium were initiated 
by plating 1 X 106 cells from freshly prepared adult pig hepatocyte prepa- 
rations or 2 X 106 cells from frozen/thawed adult pig hepatocyte preparations 
into T25 tissue culture flasks containing feeder layers of STO mouse fibroblast 
cells. Cells were plated in 6 ml of 10% DMEM-199 medium [1:1 mixture of 
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, 
2-mercaptoethanol (2-ME) (0.1 mM) from Sigma Chemical Co. (St. Louis, 
MO), nucleosides (0.03 mM guanosine, 0.03 mM adenosine, 0.03 mM cyti- 
dine, 0.03 mM uridine, and 0.01 mM thymidine) from Sigma, nonessential 
amino acids (1 X) and glutamine (2 mM), antibiotics (Robertson, 1987), and 
Medium 199 supplemented with 10% FBS, 2-ME, and antibiotics]. Cell cul- 
tures were routinely passaged at a 1:2 split ratio after treatment with trypsin- 
EDTA. 
DiI-acetylated low-density lipoprotein uptake by macrophages. Macro- 
phages were shown to take up acetylated LDL by specific receptor-mediated 
processes (Goldstein et al., 1979). BDE cultures were exposed to 1,1'-dioc- 
tadecyl-3,3,3',3'-tetramethylindo-carbocyanine p rchlorate-acetylated low- 
density lipoprotein (DiI-Ac-LDL) at 10 gg per ml of 10% DMEM for 4 h at 
370 C according to the manufacturer's instructions (Biomedical Technologies 
Inc., Stoughton, MA). Uptake of the DiI-Ac-LDL was visualized with a stan- 
dard rhodamine excitation/emission filter set on an Olympus IMT-2 inverted 
microscope fitted with an Olympus IMT-2 reflected light fluorescence attach- 
ment (Opelco, Washington, DC). 
P-450 enzyme content assay. Two-to-four-wk-old adult pig BDE cultures, 
or STO feeder cells alone were exposed to metyrapone (Sigma) at 0.5 mM in 
complete medium for 48 h. T25 flasks of cells were scraped and microsomal 
fractions were prepared as previously described (Talbot et al., 1996). The 
concentration of cytochrome P-450 was determined spectrophotometrically 
on fresh microsome fractions as described by Omura and Sato (1964). A 
difference spectrum between 400 and 500 nm was obtained (Lambda 3B, 
Perkin-Elmer Corp., Norwalk, CT) for samples which were reduced with solid 
sodium hydrosulfite (S-2156, Sigma) in the presence or absence of carbon 
monoxide. Protein content of microsome and homogenate fractions was de- 
termined by the method of Nerurkar et al. (1981) with bovine albumin as 
standard. 
y-glutamyl transpeptidase assay. Total cellular activity of y-glutamyl tran- 
speptidase (GGT) was determined on freshly prepared homogenate material 
essentially by the method of Jacobs (1971) with the following modifications. 
The complete reaction mix containing L-y-glutamyl-p-nitroanilide and gly- 
cylglycine (Sigma) as substrates was incubated with samples for 10 and 40 
min at 370 C, and the NaOH stopping-solution contained Triton X-100 
(0.2%). The concentration of p-nitroaniline was determined spectrophoto- 
metrically at 405 nm, and enzyme activity was determined over the 30-min 
time interval. 
y-glutamyl transpeptidase histochemistry. Histochemical localization of 
GGT was determined by the method of Rutenberg et al. (1969) on BDE 
cultures that were fixed for 2 min with ice-cold methanol just before the 
addition of substrate solution. 
Ricin A ablation of liver-derived macrophages. Pig liver macrophage out- 
growths were removed by treatment of primary hepatocyte/BDE monolayers 
with ricin A (Sigma, L 9514) at 10 ng/ml in serum-free DMEM-199 for 1 h 
at 370 C at approximately 5 d postplating according to the method of Johnston 
et al. (1996). 
Transmission electron microscopy (TEM). Transmission electron microscopy 
sample preparation and photomicroscopy was done with the assistance of JFE 
Enterprises, Brookeville, MD. A 3- to 4-wk-old culture of pig BDE cells at 
Passage 4 was fixed in situ with 2.5% glutaraldehyde for 2 h followed by 
Millonig's phosphate buffer washes (Dawes, 1971). The culture was postfixed 
in 1% osmium tetroxide for 1 h. Following dehydration in an ethyl alcohol 
series (70% to 100%, and propylene oxide transitional fluid), the cultures 
were infiltrated with plastic resin (Spurr's) and polymerized in a 70' C oven. 
Ultrathin sections (60 to 80 nm) were stained with 2% uranyl acetate for 1 h 
before examination with a Ziess EMO10 CA transmission electron microscope. 
RESULTS 
Selective culture of adult pig intrahepatic bile duct epithelial (BDE) 
cells. Freshly isolated adult pig hepatocytes were plated onto STO 
feeder cells at 1 X 106 cells/T25 flask in 6 ml of 10% DMEM-199. 
The cultures were fluid-changed with 6 ml of fresh 10% DMEM-199 
the d after cell attachment. In the first wk, the primary culture ap- 
peared to consist mainly of cobblestone-shaped hepatocytes which 
established a nearly confluent monolayer on top of the STO feeder 
layer (Fig. 1 A). Biliary canaliculi developed between the hepatocytes 
after the first few d of culture (Fig. 1 A and B). Areas of bile duct 
epithelium were evident after 1-2 wk of primary culture as multi- 
cellular ductal structures composed of pseudocolumnar cells ar- 
ranged with a conspicuous apical and basolateral orientation (Fig. 1 
B). Liver macrophage outgrowths, identified by morphology and DiI- 
Ac-LDL staining (Talbot and Paape, 1996) were first observed after 
about 1 wk of primary culture (Fig. 1 B, C and D). 
The outgrowth of the liver macrophages could build up to several 
million macrophages per T25 flask over 2-3 wk in primary culture. 
The macrophage proliferation, presumably accompanied by macro- 
phage activation, resulted in a loss of monolayer integrity after a few 
wk. That is, the STO feeder layer with its attached hepatocyte/BDE 
790 TALBOT AND CAPERNA 
FIG. 5. Phase-contrast microscopy of secondary culture and GGT histochemical staining of adult pig BDE cells. A, Differentiated 
colonial outgrowth of BDE culture #2 at Passage 4; polarized multicellular ductal morphology (arrows). B, Histochemical staining of GGT 
activity of BDE culture #1 at Passage 5; note intense luminal staining at the apical surfaces of the BDE cells. C, Largest of three surviving 
pig hepatocyte patches found in BDE culture #1 (T25 flask) at Passage 5; note large cobblestone morphology with well-developed biliary 
canaliculi between most cells. D, Histochemical staining of hepatocyte patch shown in C; note lack of staining except for a few BDE cells 
embedded in the patch of hepatocytes. Bar = 50 sm. 
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FIG. 6. TEM of a BDE colonial outgrowth at Passage 4. Several BDE 
cells compose the circumference of the in vivo-like ductal structure. BDE 
cells have oval, basolaterally located nuclei (n) and microvilli and cilia pro- 
jecting into the ductal lumen (L). Note the sandwich-like arrangement of the 
STO feeder cells above and below the BDE multicellular ductal structure. 
Tissue culture plastic surface (P) is left, and medium surface (M) is right. 
Magnification, X 2150. 
would degrade and eventually detach (Fig. 1 C and D). Addition of 
hydrocortisone (3-4 pg/ml) to the medium suppressed the macro- 
phage outgrowth and slowed, but did not stop, the eventual loss of 
the culture (Fig. 1 B). To stop the macrophage overgrowth and loss 
of the monolayer, 1-wk-old primary cultures were exposed to 10 ng 
ricin A per ml in serum-free DMEM-199 for 1 h according to the 
method of Johnston et al. (1996). This procedure eliminated most or 
all of the macrophages but left the STO feeder cells, pig hepatocytes, 
and pig BDE cells unharmed. Sometimes macrophage outgrowth re- 
curred as a discrete colony after ricin A treatment which presumably 
arose from a clonal expansion. The proliferative capacity of post- 
ricin A macrophages was limited, and the macrophages were diluted 
out over subsequent passages. 
Secondary passage (1:2 split ratio) of the pig hepatocyte/BDE cul- 
tures was performed with trypsin-EDTA after 2-3 wk in primary 
TABLE 1 
LEVELS OF CYTOCHROME P-450 AND ACTIVITY OF y-glutamyl 
transpeptidase (GGT) in bile duct epithelial cells from adult porcine liver 
cultured on STO-feeder cells 
P-450 P-450 GGT GGT 
(pmoles/flask) (pmoles/mg (munits/flask) (munits/mg 
microsomal total protein) 
protein) 
Bile duct cellsa 11.7 ? 7.2 17.8 ? 9.9 227 ? 28 75.2 + 7.6 
Whole liver" - 760 ? 69 16.8 ? 1.0 
aAdult pig liver cells were prepared from porcine livers, and bile duct cells 
were cultured as described. All cultures were harvested between 10 and 33 
days following initiation of culture (passage 2 through 5) and 48 h after 
addition of metyrapone (0.5 mM). Values for bile duct cells represent means 
? SEM of 6 independent determinations. Two or three flasks of cells were 
pooled for each determination. Total protein in cocultures was 3.01 ? 0.19 
mg per flask, whereas protein associated with independent cultures of STO 
cells grown under similar conditions (n = 5) was 1.20 ? 0.13 mg per flask. 
Microsomal protein was 21 and 24% of the total protein in cocultures and 
STO cultures, respectively. P-450 was undetectable in STO cells and GGT 
activity associated with STO cells was below limits of detection. 
bHomogenates and microsomes were prepared from freshly harvested livers 
of 82-kg pigs (n = 4) and P-450 and GGT were determined as for cell 
preparations. 
culture. At this point, approximately 95% of the cells appeared to 
be well-differentiated hepatocytes as estimated from microscopic ob- 
servation (Fig. 1 A and B). The other 5% was composed of BDE cells 
observable as developing multicellular ductal structures (Fig. 1 B). 
First passage resulted in a dramatic loss of hepatocytes, presumably 
from cell lysis as cells were separated from one another. The pig 
BDE cells appeared to tolerate passage much better and represented 
over 50% of the surviving cells at Passage 1. By Passage 3-4, few 
or no hepatocytes could be found in the cultures, whereas the BDE 
continued to survive and grow from single cells or small clumps of 
cells. Pig hepatocytes were not observed to proliferate. Three inde- 
pendent pig BDE cell cultures were established from three pigs rang- 
ing from 3-5 mo. of age. 
Efficient method for the isolation of pig intrahepatic bile duct epi- 
thelium (BDE). A simple method for the isolation of BDE cells was 
discovered. Freshly prepared adult pig hepatocytes at 2 X 107 cells/ 
cryovial were frozen in FBS with 10% dimethylsulfoxide as cryopre- 
servative by quick-freezing the cyrovials in liquid nitrogen. After 
several mo., the hepatocyte preparation was thawed in a 370 C water 
bath, washed one time by centrifugation, resuspended in 10% 
DMEM-199, and immediately plated at 2 X 106 cells/T25 flask con- 
taining a confluent layer of STO feeder cells. The medium was re- 
placed with fresh 10% DMEM-199 after 24 h. This freezing and 
thawing of the hepatocyte preparation destroyed all of the hepato- 
cytes and all or most macrophages, leaving only BDE and endothe- 
lial-like cells viable. 
After 1 wk of culture, 50-100 primary colonies of BDE were ob- 
served growing on top of the STO feeder cells as compact mounds 
consisting of several hundred cells. Five to 10 colonies of liver en- 
dothelial-like cells were also observed growing on the plastic as 
closely knit, flattened cells which displaced the STO feeder cells as 
they expanded outward (not shown). The endothelial-like cell colo- 
nies were removed by mouth-controlled aspiration with a drawn-out 
Pasteur pipette before secondary passage to create essentially pure 
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FIG. 7. TEM of BDE multicellular ductal structure lumen. Numerous microvilli (my) and cilia (c) protrude into the lumen at the apical 
surfaces of the BDE cells. Microvilli also form interdigitations along the lateral surfaces of adjacent cells. Desmosomes are evident at the 
lateral surfaces of the cells in addition to tight junctional complexes which appear adjacent to the lumen between the cells (arrowheads). 
Note mitochondria (m) with flat cristae and dense matrix, Golgi apparatus (g), and rough endoplasmic reticulum (rer). Magnification, 
X 15 200. 
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FIG. 8. A, TEM of BDE luminal cilia (arrows; tangential section) and microvilli (my). B, Insert showing cilium basal body (tangential 
section) found in the apical membrane of a BDE cell pictured in Figs. 4 and 5. Magnification, X 160 000. 
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FIG. 9. TEM of BDE desmosome (large arrowheads) and associated tight junctional area (small arrowheads) at the luminal apical 
surface. Magnification, X 67 000. 
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FIG. 10. TEM of BDE Golgi apparatus (g), mitochondria (m), rough endoplasmic reticulum (rer), cross-section of cilia (c) and des- 
mosome (d). Magnification, X 54 000. 
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cultures of BDE. The secondary BDE cultures grew robustly as 
mounds of cells or as monolayers extending out from the mounds 
(Fig. 2 A). After 2-3 wk in static culture, the BDE cells spontane- 
ously differentiated into polarized duct-like structures as previously 
noted from BDE cells derived from the hepatocyte cocultures de- 
scribed above (Fig. 2 B and C). The pig BDE cells grew slowly from 
single cells or clumps of 2-4 cells at each passage (1:2 split ratio) 
with estimated doubling times of 1-2 d (Figs. 3 and 4). One to 2 d 
after each passage, BDE cells could not be easily discerned on the 
STO feeder layer (Fig. 3 A). After 3-4 d, however, individual colonial 
outgrowths composed of 5-10 cells appeared at random across the 
feeder layer (Fig. 3 B). The BDE grew as closely connected and 
compact cell colonies (Figs. 2 and 3). The number of cells in each 
colony increased over 1-2 wk of culture, although the final size of 
individual colonies varied (Figs. 2 and 3). Some colonies were com- 
posed of hundreds of cells while others were made up of only 5-10 
cells (Figs. 2 and 3). The BDE cultures could be passaged (1:2 split 
ratio) about 4-6 times on to fresh STO feeder layers before losing 
replicative capacity (Fig. 4). BDE cells passaged off STO feeder lay- 
ers one time spread out and replicated on the bare plastic to fill in 
the available space between surviving STO cells that reattached after 
passage (Fig. 2 D). BDE cells that were subcultured off of STO cells 
for more than one passage reattached, but instead of replicating, the 
BDE cells became flattened, spread out, and appeared to senesce 
over a period of 1-2 wk. Also, BDE cultures with little or no STO 
support could be taken over by fibroblast outgrowths, particularly at 
early passage levels. If the BDE cells were passaged on and off STO 
feeder cells at alternate passages, their longevity in culture did not 
appear to be increased. 
Characterization of pig bile duct epithelium (BDE). The BDE co- 
lonial outgrowths differentiated, i.e., stopped dividing, and adopted 
a polarized nature with fluid transport at 2-3 wk postpassage. Many 
of the colonies developed domes as they actively transported fluid 
into their ductal lumens (Fig. 5 A). In situ assay showed these mature, 
colonial, multicellular structures to be rich in GGT activity (Fig. 5 
B), an enzymatic marker of BDE (Tanaka, 1974; Ishii et al., 1989). 
GGT staining was most intense on the luminal or apical surface of 
the BDE cells and least intense at the basolateral surface. A surviv- 
ing patch of hepatocytes showed little or no GGT staining (Fig. 5 C 
and D). Biochemical analysis also demonstrated BDE cell culture 
lysates to be high in GGT activity relative to whole pig liver tissue 
(Table 1). GGT activity was not detected in STO feeder cells alone. 
P-450 levels were very low or absent in metyrapone-induced cultures 
of the BDE cells (Table 1). The BDE cultures derived from the freeze/ 
thaw method had similarly high GGT activity and had little or no 
inducible P-450 (Table 1). 
Transmission electron microscopic (TEM) examination showed the 
mature pig BDE colonial outgrowths were well-organized multicel- 
lular structures with striking resemblance to in vivo pig intrahepatic 
bile ducts (Singh and Shahidi, 1987). The BDE cells were organized 
as tubular structures with several cells composing the overall cir- 
cumference (Fig. 6). Some of the STO feeder cells, all initially un- 
derneath the BDE, migrated above the multicellular BDE structure 
to produce a sandwich-like arrangement (Fig. 6). No basement mem- 
brane was obvious between the STO cells and the BDE cells. The 
BDE cells had a polarized morphology whereby the cytoplasmic sur- 
face facing the lumen was specialized with numerous microvilli and 
cilia (Fig. 7). The presence of cilia protruding into the ductal lumen 
was particularly characteristic of in vivo intrahepatic BDE (Fig. 8). 
Nuclei were generally oval and basolaterally located (Fig. 6), and 
tight junctions with associated desmosomes were prominent near the 
apical unions of the cells (Figs. 7 and 9). Other prominent intracel- 
lular features were the extensive rough endoplasmic reticulum and 
numerous free polyribosomes, and the extensive Golgi apparatus, 
indicative of cells with high protein production and secretory activity. 
Numerous oblong mitochondria with flat cristae extending into a rela- 
tively dense mitochondrial matrix were found in the BDE cells (Figs. 
7 and 10). Glycogen rosettes, typical of hepatocytes, were not ob- 
served in the BDE cytoplasm. 
DISCUSSION 
The culture of relatively crude preparations of adult pig liver cells 
on STO feeder cells in serum-containing medium supports the growth 
and selective isolation of pig bile duct cells that spontaneously po- 
larize to form duct-like structures. Adult pig hepatocytes were not 
observed to replicate on the STO feeder cells, and their numbers in 
the cultures approached zero over the first few secondary passages. 
In contrast, the BDE cells did replicate, albeit to a limited extent. 
The differentiation of the pig BDE cells was dramatic in the STO 
coculture, and it was very similar to the multicellular ductal forma- 
tion previously observed in the pig epiblast-derived PICM-19 liver 
stem cell line (Talbot et al., 1994a; 1996). The pig BDE ductal struc- 
tures were similar to normal liver in that they possessed cilia, a 
feature typical of pig intrahepatic bile ductules (Singh and Shahidi, 
1987). In contrast, the ductal structures formed by PICM-19 cells 
apparently lacked cilia, perhaps reflecting incomplete differentiation 
and organotypic structure (Talbot et al., 1996). Other ultrastructural 
features and the expression of GGT by the BDE cells were similar 
to in vivo liver ductules, and to in vitro multicellular ductal structures 
formed by PICM-19 cells (Tanaka, 1974; Meister et al., 1976; Talbot 
et al., 1996). GGT is highly expressed in bile duct epithelium and 
thought to be a good marker for this cell type (Tanaka, 1974; Ishii 
et al., 1989). GGT activity was expressed at or near the apical portion 
of the BDE cell membrane directly adjacent to the lumen of the 
ductal structures. No staining was observed on the outer aspect of 
the ductal structures, indicating a well-polarized condition within 
the BDE cells (Fig. 1). A similar polarized and apical distribution of 
GGT was demonstrated in acinar cells of the pancreas (Rutenberg et 
al., 1969), in the canalicular regions of hepatocytes, and in bile duct 
epithelium (Meister et al., 1976). This polar distribution of GGT was 
indicative of the transport function of the enzyme in the specialized 
apical areas of these cells (Meister et al., 1976). 
The limited serial propagation of the BDE cells (4-8 passages) 
may represent the "normal" population doubling capacity of adult 
pig BDE or the effect of ongoing terminal differentiation in the cul- 
tures. The results of Joplin et al. (1992) with the HGF-dependent 
culture of human bile duct cells appeared to be similar to our results 
with pig BDE in that the human bile duct cultures were passaged 
about five times over a 3-mo. period. Similar results were obtained 
with rat bile duct cells cultured by Mathis et al. (1988). However, 
the rat bile duct cultures of Vroman and LaRusso (1996) were rela- 
tively long-lived, being passaged 70 times over a 22-mo. period. The 
authors did not indicate noting a senescent crisis and transformation 
event which might explain the longevity of their cultures, given that 
rat cells could be expected to have a shorter life span in culture than 
human and pig cells (Rohme, 1981). However, the actual growth 
response of cells, and liver cells specifically, has been shown to be 
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highly dependent on the surrounding environment (Joplin et al., 
1992; Rhim et al., 1994). The lack of culture longevity exhibited by 
the BDE may have also resulted from the terminal differentiation of 
significant portions of the cell population at each passage. Terminal 
differentiation with the loss of growth response in cells forming mul- 
ticellular ductal structures was previously noted in differentiated pig 
epiblast-derived bipotent liver stem cell-like cells (Talbot et al., 
1994a). However, pig BDE cells alternatively passaged on and off 
STO feeder cells (Fig. 3 D), which were therefore largely prevented 
from forming multicellular ductal structures, could not be serially 
passaged any longer than those propagated on STO feeder monolay- 
ers at each passage. 
The growth and differentiation of the pig BDE cells was dependent 
on STO feeder cells. If the BDE were passaged without the STO cells, 
they quickly enlarged, lost differentiated form and function, and se- 
nesced (not shown). Other culture systems have indicated that a sub- 
stratum of collagen was required or beneficial to the maintenance 
and growth of BDE (Vroman and LaRusso, 1996), or the differenti- 
ation of the cells into duct-like structures (Paradis and Sharp, 1989; 
Sirica and Gainey, 1997). Similar observations were made in primary 
cultures of hepatocytes in that collagen, and, particularly a collagen 
"sandwich," were effective in maintaining in vivo-like hepatocyte 
form and function (Dunn et al., 1989; Bader et al., 1992). The STO 
feeder cells, being mouse fibroblasts, would be expected to produce 
an extracellular matrix rich in collagen as well as other constituents 
important in morphogenesis and differentiation of epithelium such 
as proteoglycans (Linsenmayer, 1991; Toole, 1991). As noted in Fig. 
3, the STO cells also adopt a "sandwich" configuration by arranging 
themselves above and below the BDE cells. This STO cell migration 
to a position above the BDE probably takes several d, and the po- 
larization and ductal formation of the BDE takes at least several d. 
STO "sandwiching" of the BDE may be important to the development 
of a mature or fully differentiated bile ductule morphology and func- 
tion. 
Feeder cells elaborate specific cytokines, either soluble or mem- 
brane bound, that could be potent effectors of pig BDE growth and 
differentiation. For example, STO cells and other fibroblasts were 
shown to produce hepatocyte growth factor (HGF) and stimulated 
ductal formation by kidney epithelial cells in a collagen culture 
(Montesano et al., 1991a, 1991b). Joplin et al. (1992) demonstrated 
that HGF induced proliferation of human BDE cells and promoted 
the maintenance of specific cell functions. Other cytokines that mod- 
ulate liver function were shown to be produced by STO cells (Rathjen 
et al., 1990; Schmitt et al., 1991). These included leukemia inhibi- 
tory factor (LIF), a liver acute phase-response inducer (Baumann and 
Wong, 1989) that, along with HGF and granulocyte-macrophage col- 
ony-stimulating factor (GM-CSF), stimulated replication of PICM-19 
pig liver stem cells (unpublished observations). Thus, the STO feeder 
cells may represent an in vitro equivalent to the stromal or mesen- 
chymal-derived compartment found in the liver, and the coculture 
may be mimicking the mesenchymal cell interactions which normally 
occur in vivo. 
It is unclear why pig BDE is responsive to the STO feeder cell 
environment. Other feeder cell cultures have apparently not pro- 
duced the same results presented here. For example, the use of Swiss 
3T3 fibroblasts as feeder cells facilitated the primary culture of hu- 
man BDE but did not produce serially passaged cultures or liver- 
like differentiation (Joplin et al., 1989). NIH/3T3 coculture of SV40 
large T antigen-transformed human BDE showed good replicative 
capacity (25 passages), but no in vitro ductal formation (Perrone et 
al., 1995). In the latter case, the lack of in vitro ductular differen- 
tiation may have resulted from inappropriate cell cycle stimulation 
by SV40 large T antigen transformation. However, the nature of the 
STO fibroblast cell line may be different from Swiss 3T3 and NIH/ 
3T3 cells. For example, some lines of Swiss 3T3 and NIH/3T3 were 
reported to produce negligible amounts of HGF, a key mitogenic 
cytokine for BDE cells and hepatocytes (Stoker et al., 1987; Mon- 
tesano et al., 1991b; Joplin et al., 1992). Also, species differences, 
human vs. pig, may be important. We have previously noted large 
species differences, i.e., sheep and cow vs. pig, in the mitogenic 
response of particular cell types, e.g., macrophages, T-lymphocytes 
and hepatocytes, to coculture on STO feeder cells (unpublished ob- 
servations). 
In summary, our results demonstrated a simple and efficient means 
for the isolation and secondary culture of adult pig BDE cells. The 
STO coculture of the pig BDE produced multicellular ductal struc- 
tures with high apical surface GGT activity similar to that of the BDE 
found in the intact pig liver. Similar in vitro multicellular ductal 
formation was previously reported in the pig epiblast-derived PICM- 
19 liver cell line (Talbot et al., 1994a; Talbot et al., 1996). The 
present results, therefore, support our earlier assertion that PICM- 
19 cells have the characteristics of a bipotential liver progenitor cell. 
The STO-coculture pig BDE system may be useful in studies of bile 
duct differentiation and function. 
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